INTRODUCTION
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Received for publication 28 June 1968 and in revised form 18 November 1968. rected against C'1 esterase (1) (2) (3) (4) (5) . This inhibition is a property of an alpha globulin of serum that also inhibits a globulin permeability factor (PF/Dil), plasma kallikrein (6, 7), a subcomponent of the first component of complement known as C'lr and plasmin (8) . The deficiency in inhibition of C'1 esterase permits spontaneous formation of C'1 esterase in plasma from persons with hereditary angioneurotic edema, a tendency enhanced during episodes of swelling (4, 5) . The experiments to be described demonstrate that in addition to C'1 esterase, an agent that increases cutaneous vascular permeability evolves in plasma from persons with hereditary angioneurotic edema. Whereas this property was readily generated in plasma from patients in remission, its formation was enhanced in plasma during attacks of swelling. The active agent appeared to be a small polypeptide which also induced contraction of isolated smooth muscles, and thus behaved as a kinin. Its formation required the action of plasma enzymes other than C'1 esterase, for substances incapable of inhibiting C'1 esterase blocked its generation.
METHODS
Plasma from normal persons, affected members of several kindreds with hereditary angioneurotic edema, and others with angioneurotic edema which was not hereditary (i.e., those with normal serum inhibition of C'1 esterase) were separated from blood drawn into silicone-coated Lusteroid test tubes (Lusteroid Container Corp., Maplewood, N. J.) containing sodium citrate buffer (pH 5.2, 0.13 M with respect to citrate) alone, or mixed with Na2H2EDTA to provide a final EDTA concentration of 6 X 10' M in the blood. Plasma was recovered after centrifugation of blood at 2500 rpm in an International PR-2 refrigerated centrifuge, and rendered platelet-deficient by recentrifugation at 20, 0009 at 20C for 15 minutes. All plasma samples used were carefully protected from contact with glass until such time as the enzymatic constituents of the plasma were inactivated by boiling. Hereditary angioneurotic edema plasma samples used in experiments to be described were from persons deficient in serum antigen that reacted with specific rabbit antiserum to normal inhibitor of C'1 esterase except where noted.
Soybean trypsin inhibitor (five times crystallized, Nutritional Biochemicals Corp., Cleveland, Ohio) was dissolved in 0.15 M sodium chloride at a concentration of 10 mg/ml, and diluted to 1.0 mg/ml in incubation mixtures and final assay mixtures measuring permeability factor activity. Heparin sodium (The Upjohn Co., Kalamazoo, Mich.) was used in incubation mixtures at final concentrations of 100 U/ml. In some experiments, heparin powder (sodium heparinate, The Upjohn Co., Kalamazoo, Mich., Lot No. 32-LLC-3) was used in final concentrations of 624 U/ml or 1000 U/ml in incubation mixtures. Hexadimethrine bromide (Polybrene, Abbott Laboratories, Chicago, Ill.) was dissolved in barbital-saline buffer at 1000 ,ug/ml and used in incubation mixtures at 100 /Lg/ml. Trasylol (compound A-128, proteinase inhibitor; FBA Medical Research Division of Metachem, Inc., New York), a kallikrein inhibitor, was diluted in buffer to concentrations of 200 U/ml of incubation mixtures. Epsilon aminocaproic acid (Mann Research Laboratories, New York) was dissolved in distilled water at 1.0 M concentrations and used during incubation at 0.1 M concentrations. Purified serum inhibitor of C'1 esterase was prepared by Dr. Jack Pensky of Western Reserve University, by modifications of a published method (9) , and used in amounts to be noted after being dissolved in 0.15 M sodium chloride.
Bradykinin (Sandoz Pharmaceuticals, Hanover, N. J.), a synthetic nonapeptide, was dissolved in 0.15 M sodium chloride or in buffers noted in experiments. Kallidin (lysyl bradykinin, a decapeptide) was generously provided by Dr. E. Nicolaides (Research Laboratories, Parke Davis and Co., Ann Arbor, Mich.) and was diluted in buffers.
Vascular permeability was measured in the manner described by Miles and Wilhelm (10), using carefully depilated female albino guinea pigs as subjects. The experimental animals were given intravenous injections of mixtures of 5% Pontamine Sky blue 6X (E. I. DuPont de Nemours and Co., Wilmington, Del.) in amounts of 1.2 ml/kg body wt in 0.075 M sodium chloride mixed with an antihistaminic, triprolidine (Actidyl, Burroughs Wellcome, Co., London, 1.0 mg/ml of solution) to provide injection of 0.1 mg of triprolidine/kg body wt. The concentrations of triprolidine used abolished the increase in vascular permeability induced by injections of 2.0 ,ug of histamine (histamine diphosphate, Sigma Chemicals, St. Louis, Mo.), calculated as free base, which was used as a control in each guinea pig. Some animals were not given antihistamine to allow the detection of any histamine-like action of test samples. Samples of 0.1 ml of the mixtures to be tested for their effect upon vascular permeability were injected intracutaneously beginning a few minutes after the injection of Pontamine Sky blue. The ability of injected substances to increase vascular permeability was determined by measuring the size of blued skin lesions around injections after an interval of at least 15 
RESULTS
A. Generation of permeability factor activity in plasma. Plasma samples, harvested in silicone-coated vessels and carefully protected from contact with glass, were thawed for the first time after storage at -650C, doubly diluted from 1/10, through 1/80, in siliconecoated Lusteroid tubes, and injected intradermally into guinea pigs without delay to avoid generation of PF/ Dil. Plasma from persons having bouts of hereditary angioneurotic edema (attack plasma) markedly increased vascular permeability as shown by the size of lesions surrounding injections, and the intensity of blueing. A typical experiment is illustrated in Fig. 1 . This effect was not blocked by prior treatment of experimental animals with an antihistamine, triprolidine (Fig. 1 ). Plasma samples from persons known to have hereditary angioneurotic edema, but in remission at the time of phlebotomy (remission plasma), had a minimal effect upon vascular permeability, as demonstrated in the plasma sample tested in the experiment described in Fig. 1 (Table I) . Samples of remission plasma were more variable, perhaps reflecting the difficulty in being certain that the subject was truly free of edema at the time. When seven different remission plasma samples, freshly thawed, were diluted 1/40 and injected, the mean diameter of the resulting sets of blued lesions was 4.1 mm, but a large group of citrated remission plasma samples that had been incubated with EDTA at 0°or 370C contained greater permeability activity (Table I) . Plasma from 10 persons having bouts of angioneurotic edema that was not hereditary, incubated with EDTA and similarly diluted for assay, induced blued lesions having a mean diameter of only 2.6 mm ( Table I) .
The effect of incubation on the formation of permeability factor activity in vitro in remission plasma was further illustrated in individual samples tested before and after incubation at 370C (Table II) . When blood from a patient in remission was drawn into purified human serum inhibitor of C'1 esterase, the plasma recovered from this sample failed to form increased permeability activity during incubation, whereas that derived from blood drawn simultaneously from the same person into sodium chloride developed this property (Table II,  bottom) .
When citrated attack plasma was incubated at 370C, its permeability-increasing property deteriorated. How- Since permeability factor activity could be generated in vitro in remission plasma, the ability of some inhibitors of plasma enzymes to block its formation was tested. When soybean trypsin inhibitor was mixed with a sample of remission plasma before incubation, the formation of permeability factor activity during incubation was blocked (Fig. 2) . This inhibitor blocked the generation of permeability factor activity in three other remission plasma samples which could be tested. Once generated, the permeability activity could not be blocked by the soybean trypsin inhibitor, as illustrated in Fig. 2 . The addition of inhibitor of C'1 esterase to another remission plasma at a concentration of only 1 U/ml (i.e., less than 20% of normal plasma concentration) before incubation blocked the formation of permeability factor activity, while it, too, was ineffective if added after incubation, when activity had already been generated (Fig. 2) . Generation of activity was blocked when three other plasma samples from patients in remission were so tested. When a high concentration of heparin (final concentrations of 624 U/ml) was mixed with remission plasma that had been stored at -650C, the generation of permeability factor activity during incubation of the mixture was not impaired (Table III) . However, if blood was drawn from a patient in remission directly into EDTA and heparin, to give a final concentration of only 100 U/ml, and a matched sample drawn into sodium citrate and EDTA, during subsequent incubation of plasma from these mixtures even after freezing, the development of permeability factor activity in the heparinized plasma was blocked (Table III) . Therefore, in the absence of heparin some change had apparently occurred during freezing and thawing of the plasma which favored the generation of the permeability property. Hexadimethrine bromide did not inhibit the generation of permeability factor properties in vitro in remission plasma. Its effect on plasma not previously frozen was not tested.
Mixtures of trasylol (200 U/ml of mixture) and remission plasma developed nearly as much permeability factor activity during incubation as did mixtures of buffer and remission plasma. When epsilon aminocaproic acid and EDTA plasma of a patient with hereditary angioneurotic edema in remission were incubated together, there was no apparent impairment of the generation of permeability factor activity. Partial inhibition could not be excluded because epsilon aminocaproic acid itself, in concentrations of 0.1 M in buffer, increased vascular permeability (Table III) B. Partial characterization of permeability factor activity. When hereditary angioneurotic edema plasma containing permeability factor activity was extracted with ether, and the ether layer removed, there was no loss of permeability factor activity from the aqueous phase of the plasma. When the ether layer was dried, and the residue redissolved in barbital-saline buffer in a volume equal to that of the original plasma, the ether fraction had no permeability factor activity. Hereditary angioneurotic edema plasma with permeability-increasing properties was extracted with 0.3 N trichloroacetic acid, the acid layer removed and extracted with ether to free it of trichloroacetic acid. When this acid extract was concentrated, and redissolved in barbital-saline buffer, it failed to increase vascular permeability, as if the mediating substance were not acid-soluble. As which was not inherited were heated and extracted in this manner, usually no measurable permeability factor activity was recovered. When crude preparations of permeability factor in extracts of boiled hereditary angioneurotic edema plasma were applied to a rat uterus, as little as 0.01 ml of a A dilution could induce the muscle to contract. Similar preparations from normal plasma induced contractions only if 0.1 or 0.2 ml of undiluted material was used. Samples of crude permeability factor from hereditary angioneurotic edema plasma also caused the rat duodenum to lengthen, and in high concentrations, induced the guinea pig ileum to contract. Tachyphylaxis was not observed. The effects of the crude permeability factor upon these muscle preparations resembled that of bradykinin (14) .
If the substance mediating permeability change was bradykinin, it should have hypotensive effects in an intact animal (15) . When 0.1 ml samples of the dialyzable components of the crude permeability factor were injected intravenously into anaesthetized rats, instead of lowering blood pressure, a mild pressor effect was observed unassociated with tachyphylaxis. Whereas the pressor action may have been due to a substance different from the permeability factor, the lack of any depressor effect of the dialyzable crude permeability factor contrasted with the marked depressor action of 0.3 jug of synthetic bradykinin. However, when bradykinin was added to normal siliconed plasma and EDTA, the mixture boiled and extracted as if in preparation of crude permeability factor, the dialyzable fractions had only slight or no depressor effect on blood pressure, even though they were rich in kinin activity. After electrophoresis of bradykinin and of concentrated crude permeability factor from hereditary angioneurotic edema plasma at pH 8.6 on paper strips, the strips were dried and divided transversely into 1 cm segments. Each segment was eluted in 1.0 ml of barbitalsaline buffer, pH 7.4, and these eluates were tested for their kinin activity on the isolated rat uterus. The electrophoretically separated fractions of bradykinin were more electropositive than those of the crude permeability factor. The peak of the bradykinin activity was from 7 to 8 cm to the cathodal side of the origin, and that of the permeability factor preparation was 5 cm from the origin in the same direction.
The mobility of crude permeability factor preparations and of bradykinin were compared in solvent chromatography on filter paper. Crude permeability factor that had been extracted from boiled hereditary angioneurotic edema plasma with distilled water was concentrated by lyophilization, redissolved in distilled water, and subjected to ascending paper chromatography for 16 hr in mixtures of four parts redistilled butanol, one part (Table IV) . When the crude preparations of permeability factor derived from hereditary angioneurotic edema plasma were so treated, both kinin and permeability factor activities were lost. In the experiments shown in Table V , trypsin, alpha chymotrypsin, and carboxypeptidase B all destroyed the kinin activity of the preparation. When five times larger amounts of the preparation that had been treated with these enzymes were applied to the muscles, an effect could be noted in the trypsin-treated preparation but not in the other two. In six other experiments, 80% or more of kinin activity in different crude preparations of permeability factor was inactivated during incubation with trypsin. Neither bradykinin or kallidin lost either property during incubation with the same concentrations of this trypsin preparation (Table V) . Both of these polypeptide kinins are known to be susceptible to inactivation by carboxypeptidase B (16) and alpha chymotrypsin (17) and these enzymes were not specifically tested in the experiments shown in Table V . Even when bradykinin was mixed with normal plasma, the mixture boiled and extracted, as in preparation of crude permeability factor, the kinin activity recovered was totally resistant to the action of trypsin.
When two normal humans, who had received 5 ml of Evans blue intravenously, were given intradermal injections of crude kinin-permeability factor from hereditary angioneurotic edema plasma, vascular permeability was increased, despite the fact that they had received 125 mg of pyribenzamnine 90 min earlier. A 200 ng sample of synthetic bradykinin injected into the same subjects induced areas of slight swelling, which were not, however, notably blued. The prominent feature of this reaction was the delayed onset of transient but searing pain in the area; there was also surrounding erythema, but no itching or pseudopod formation. An extract was prepared from siliconized EDTA plasma from normal Two sets of experiments showing the effect of some enzymes on kinin and permeability factor activities are shown. In the experiment with synthetic bradykinin and kallidin, solutions of each were incubated at 370C for 30 min in plastic test tubes with trypsin in the final concentration noted and soybean trypsin inhibitor (SBTI), 1 mg/ml of incubation mixture, or buffer. To measure kinin activity, variable volumes of these incubation mixtures were applied to the rat uterus to determine the smallest volume of untreated polypeptide that gave a maximal contraction of this muscle preparation. The kallidin was more effective than bradykinin in increasing vascular permeability. The guinea pigs had received triprolidine intravenously before the assays for permeability. The lower part of the table shows the effect of crude "PF" prepared from plasma rich in this activity from a patient with HANE from which any sediment was removed by filtration. The enzymes tested were mixed with samples of "PF" to give final concentration noted. Both trypsin and alpha chymotrypsin markedly increased vascular permeability if injected before inactivation; SBTI (1 mg/ml) inactivated trypsin, and boiling 4 min inactivated alpha chymotrypsin in incubation mixtures. Carboxypeptidase B had no activity in either assay in concentrations used. A different rat uterus preparation was used than in experiments above testing synthetic kinins, which accounts for the differences in heights of maximal contractions with respect to permeability activity. The rat duodenum preparation used responded to acetyl choline with an immediate contraction, and to synthetic bradykinin with gradual lengthening. persons to which bradykinin was added before the mixture was boiled and extracted, just as if to prepare crude kinin from hereditary angioneurotic edema plasma. When 0.1 ml of a 1/50 dilution of this material was injected intradermally into the normal subjects, a swelling of 6 mm was induced without blueing or erythema. There was also a delayed pain reaction. When the crude extract from hereditary angioneurotic edema plasma, with similar kinin concentration, was diluted 1/50 and injected in the same volume, a 9 mm swelling resulted with moderate (2 +) blueing. There was no pain, erythema, itching, or pseudopod formation after this injection into the normal subjects even when they had not previously received an antihistamine. All samples injected were diluted in Veronal-sodium chloride buffer, pH 7.5, containing 1.5 X 10' M calcium and 5 X 10-' M magnesium.
In the experiments illustrated in the tables and figures, plasma from persons with hereditary angioneurotic edema who had an inherited deficiency of functional serum inhibitor of C'1 esterase, as well as of serum antigen which reacted with a specific rabbit antiserum to normal human inhibitor, were used. In other experiments not shown, permeability factor activity was generated in plasma from affected members of two kindreds who had no measurable functional serum inhibitor of C'1 esterase, but who had a normal concentration of serum antigen resembling that of the normal serum inhibitor (cross-reactive material). The crude permeability factor prepared from their plasma was also heat stable, dialyzable, and had properties of a kinin.
DISCUSSION
The permeability-increasing property found in high concentration in plasma obtained from persons having bouts of hereditary angioneurotic edema (attack plasma) had activities resembling those of kinins rather than of histamine or histamine-releasing agents. The effect of the permeability-enhancing agent or agents was unimpaired in animals given doses of antihistamine sufficient to block the effects of 5.5 ugm. of histamine diphosphate. Moreover, the activity of crude preparations of the permeability factor was readily demonstrable by its effect upon the isolated rat uterus, which is sensitive to kinins but insensitive to histamine or to an anaphylatoxin that releases histamine (18) . Little effect was observed upon the isolated guinea pig ileum, known to be very sensitive to histamine (19) . Its action in human skin differed from a response mediated by histamine, and was unimpaired in subjects given an antihistamine. These observations distinguish the permeability factor and kinin-like activity derived from hereditary angioneurotic edema plasma from the anaphylatoxins formed by the interaction of purified C'1 esterase with purified preparations of C'4, C'2, and C'3 (20) , and C'5 (21) (22) (23) Whereas the kinin-permeability factor described had properties resembling those of kallidin and bradykinin, it differed from either of these in being subject to the proteolytic activity of a preparation of trypsin, which had no effect upon the two synthetic polypeptide kinins. Unlike these synthetic kinins, crude preparations of kinin-permeability factor from hereditary angioneurotic edema plasma failed to induce hypotension in the intact rat. However, the hypotensive effects of comparable fractions of mixtures of bradykinin and normal plasma were less clear than those of the pure polypeptide preparations. The kinin activity in the crude fractions of hereditary angioneurotic edema plasma had a different electrophoretic mobility than bradykinin, and there were suggestive differences in the behavior of these preparations during solvent chromatography on paper. Furthermore, when comparable preparations of the kinin-permeability factor from hereditary angioneurotic edema plasma and of mixtures of bradykinin and normal plasma were given intradermally to normal humans, their effects differed; the material from hereditary angioneurotic edema plasma induced a large, but painless area of swelling and blueing without erythema, and that containing bradykinin produced less swelling, no notable blueing, delayed pain, and surrounding erythema. Thus, our experiments suggest that a final mediator of kinin and, permeability factor activity in hereditary angioneurotic edema plasma might be distinct from bradykinin or kallidin. The techniques used to differentiate among the various kinins were not, however, chemically definitive and the significance of these apparent differences must await further purification of the kinin-permeability factor.
C'1 esterase as well as kinin and permeability factor can be generated in remission plasma obtained from patients with hereditary angioneurotic edema (4) . The generation of both activities can be inhibited by soybean trypsin inhibitor, which does not block the action of C'1 esterase, but can inhibit other plasma enzymes (26) .
Heparin, known to impair generation of PF/Dil (27) , could inhibit the formation of permeability factor activity. Since heparin had no effect if added to hereditary angioneurotic edema plasma that had been frozen and thawed, but that was inhibitory if added to the blood at phlebotomy, there must be an effect of freezing and thawing upon the plasma mechanisms leading to formation of the permeability factor. C'1 esterase was also more readily generated in hereditary angioneurotic edema plasma obtained during remission after repeated freezing and thawing (26) , but the reasons for these effects are unclear. Even so, heparin impaired generation of C'1 esterase in remission plasma (28) .
Epsilon aminocaproic acid does not block the action of C'1 esterase 1 but may impair its activation in hereditary angioneurotic edema plasma (26) and upon a sensitized cell (29) . It can inhibit the activation of plasminogen (30, 31) . Because of its own ability to increase vascular permeability in the present experiments, its effect upon the generation of permeability-increasing activity in hereditary angioneurotic edema plasma was unclear. Epsilon aminocaproic acid was reported to induce kinin release in preactive plasma (32) , and to cause arteriolar dilitation followed by venous constriction in the dog (33) . Lundh et al. (34) 'found that a patient with severe hereditary angioneurotic edema was relieved of attacks of swelling while taking epsilon aminocaproic acid. Possibly, this compound had a prophylactic effect by inhibiting the formation of one or more mediators of these symptoms in vivo. It is possible that the plasminogen system might act in some processes related to formation of swellings in hereditary angioneurotic edema (1, 4) .
Neither soybean trypsin inhibitor nor purified human serum inhibitor of C'1 esterase inhibited permeability factor activity already formed in hereditary angioneurotic edema plasma, but either one could block its formation in remission plasma. Soybean trypsin inhibitor blocks the action of plasma kallikrein (35) , plasmin (36) , some stages of clotting (37) , and the function of a globulin permeability factor sometimes called "PF/ Dil" (38) , but not C'1 esterase (39) . Kagan The final mediator of kinin and permeability factor activities in hereditary angioneurotic edema plasma behaved as if it were a polypeptide that is perhaps distinct from bradykinin or kallidin. Since these two kinins are generated by kallikreins, it is possible that some other plasma mechanism acts to form one or more kininpermeability factors in this plasma. Trasylol, a kallikrein inhibitor (40, 41) , was ineffective in preventing formation of permeability activity in this plasma, also suggesting that other enzymes may function. One alternative possibility has been suggested by the studies of Klemperer, Donaldson, and Rosen (42) . Their experiments indicated that purified human C'1 esterase increased vascular permeability in human skin in a manner independent of histamine release, as reported presently, but apparently dependent upon C'2. Persons with a severe inherited deficiency of C'2 failed to demonstrate significantly increased vascular permeability following intradermal injections of purified C'1 esterase (42) . Possibly, then, a polypeptide kinin with permeability factor activity is released from C'2 by C'1 esterase. Mayer and his associates (43, 44) have described the fragmentation of C'2 during complement action. Studies of Eisen (45) and Armstrong and Mills (46) have also indicated that there may be kinin-forming systems in normal plasma that differ from kallikrein and which may release polypeptides different from bradykinin or kallidin. Evaluation of more highly purified preparations of kininpermeability factor from hereditary angioneurotic edema plasma will clarify the relationship between this material and the polypeptide kinins currently recognized.
A role for plasma kallikrein in hereditary angioneurotic edema was originally suggested by studies of Landerman, Webster, Becker and Ratcliffe (47) and also by Burdon, Queng, Thomas and McGovern (48) . The latter group described decreased plasma kininogen (kinin precursor, or kallikrein substrate) in plasma obtained from patients who had just had attacks of hereditary angioneurotic edema. Perhaps molecules other than kallidin and bradykinin can be released from this kininogen which have kinin and permeability factor activity. It is also possible that more than one factor may mediate the activity in unfractionated hereditary angioneurotic edema plasma. Possibly a heat labile mediator also exists. If so, it was rendered nonfunctional with respect to vascular permeability by treatment of plasma with proteolytic enzymes. 
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